Johnson JS, Kundu B, Casali AG, Postle BR. Task-dependent changes in cortical excitability and effective connectivity: a combined TMS-EEG study. J Neurophysiol 107: 2383-2392, 2012. First published February 8, 2012 doi:10.1152/jn.00707.2011.-The brain's electrical response to transcranial magnetic stimulation (TMS) is known to be influenced by exogenous factors such as the frequency and intensity of stimulation and the orientation and positioning of the stimulating coil. Less understood, however, is the influence of endogenous neural factors, such as global brain state, on the TMS-evoked response (TMS-ER). In the present study, we explored how changes in behavioral state affect the TMS-ER by perturbing the superior parietal lobule (SPL) with single pulses of TMS and measuring consequent differences in the frequency, strength, and spatial spread of TMS-evoked currents during the delay period of a spatial shortterm memory task and during a period of passive fixation. Results revealed that task performance increased the overall strength of electrical currents induced by TMS, increased the spatial spread of TMS-evoked activity to distal brain regions, and increased the ability of TMS to reset the phase of ongoing broadband cortical oscillations. By contrast, task performance had little effect on the dominant frequency of the TMS-ER, both locally and at distal brain areas. These findings contribute to a growing body of work using combined TMS and neuroimaging methods to explore task-dependent changes in the functional organization of cortical networks implicated in task performance.
electroencephalography; transcranial magnetic stimulation TRANSCRANIAL MAGNETIC STIMULATION (TMS) is a method that exploits the principle of electromagnetic induction to noninvasively stimulate specific brain areas with the goal of testing hypotheses about brain-behavior relations (Walsh and PascualLeone 2003) . Although numerous studies have revealed TMSinduced effects on behavioral performance, the endogenous neural factors linking TMS to behavior are at present poorly understood. An important goal of work in this area, therefore, is to uncover the factors that underlie observed variability in the effects of TMS on the brain and behavior. In the present study, we explored the influence of behavioral state on spectral and temporal properties of the TMS-evoked response (TMS-ER). The brain's response to TMS is known to be influenced by a number of factors specific to particular TMS protocols, including coil orientation (Bonato et al. 2006; Thut et al. 2011 ) and the intensity and frequency of stimulation (Komssi et al. 2004) . Additionally, although the biophysical principles underlying TMS-related current induction are presumably the same for all neural tissue (Walsh and Pascual-Leone 2003) , the effect of TMS on brain activity has been found to vary systematically as a function of where on the scalp it is applied. Notably, using combined TMS and electroencephalography (EEG), Rosanova and colleagues (2009) found that single pulses of TMS elicited a broadband spectral evoked response (ER) that was strongest in the alpha band in occipital cortex [Brodmann area (BA) 19], in the beta band in parietal cortex (BA 7), and in the high beta/gamma band in frontal cortex (BA 6). They also observed that the characteristic resonant (or "natural") frequency of each area was preserved across different stimulation intensities, as well as when TMS was applied to distal brain areas. Subsequent experiments have shown that the TMS-ER observed in a given brain area for a particular subject is highly reliable, both within and across sessions, when exogenous parameters of the TMS protocol are held constant ). This consistency makes it possible to explore the influence of underlying brain state on the TMS-ER and related behavior.
Previous work has suggested that global brain state also affects the TMS-ER. Examples of this include changes in cortical effective connectivity, relative to the awake state, seen during non-REM sleep (Massimini et al. 2005 ) and after administration of general anesthesia (Ferrarelli et al. 2010) . In both cases, the TMS-ER exhibited significantly reduced cortical spread compared with the ER observed during wakefulness. These findings suggest that variations in the TMS-ER can be used to characterize cortical excitability and changes in the nature of cortical networks that vary with global brain state.
The goal of the present study was to explore how changes in behavioral state influence the TMS-ER. Our approach was to perturb the superior parietal lobule (SPL) with single pulses of TMS and to compare the ER when TMS was delivered during the delay period of a spatial short-term memory (STM) task versus during passive fixation. Results revealed that task performance increased the overall strength of electrical currents induced by TMS, increased the spatial spread of TMS-evoked activity to distal brain regions, and increased the ability of TMS to reset the phase of ongoing broadband cortical oscillations. By contrast, task performance had little effect on the dominant frequency of the TMS-ER, either locally or at distal brain areas.
METHODS

Subjects
Sixteen subjects participated in this experiment [8 men, 8 women; mean age ϭ 21.88 yr (SD ϭ 2.94)]. All subjects were recruited from the University of Wisconsin-Madison community. The UW-Madison Health Sciences Institutional Review Board approved the study protocols. All subjects gave informed consent and were screened for the presence of neurological and psychiatric conditions and other risk factors related to the application of TMS prior to participation.
Experimental Procedure
To explore task-dependent changes in cortical excitability and connectivity, TMS was delivered during two different behavioral conditions: the delay period of a test of spatial short-term memory (STM) and fixation in the absence of a cognitive task (Fixation). STM was operationalized with a spatial delayed-recognition task in which subjects were instructed to remember the locations of sequentially presented shapes. Each trial began with a 1,000-ms fixation period followed by the sequential presentation of four memory targets at different randomly selected locations distributed across each of the four screen quadrants (1 shape per quadrant, with quadrant order randomized across trials), as shown in Fig. 1 . Within each quadrant, memory targets were presented within a 5.5°ϫ 5.5°square region centered ϳ6.65°diagonally from fixation. Memory targets consisted of abstract shapes (Attneave and Arnoult 1956 ) subtending ϳ0.74°of visual angle at a viewing distance of 70 cm. Stimuli were black and were presented on a gray background. Each memory target was presented for 200 ms, followed by a 400-ms fixation screen. Stimulus presentation was followed by a 3,750-ms delay period, during which the central fixation cross remained visible, followed by the appearance of a probe stimulus for 2,000 ms. The probe consisted of a black circle (ϳ0.74°of visual angle), and subjects indicated by a yes/no button press whether the location of the probe matched the location of one of the four memory targets (50% probability). For nonmatch trials, the probe was presented at a different randomly chosen location within one of the four screen quadrants, a minimum of 2.5°(center-to-center distance) away from the memory target location. Subjects were instructed to maintain fixation throughout the delay, and to remember the locations marked by each shape, ignoring shape identity. Feedback was provided on a trial-by-trial basis, with the word "Incorrect" appearing on the screen for 500 ms after an incorrect response. On 50% of trials (randomly interleaved), two TMS pulses were delivered at an average rate of 0.5 Hz during the delay period: The first pulse was delivered 750 Ϯ 250 ms after delay period onset, followed by the second pulse 2,000 Ϯ 250 ms later. Thus the first TMS pulse could occur as early as 500 ms after the offset of the final memory target, whereas the second pulse could occur as late as 500 ms before the onset of the memory probe. Trials were separated by a 1,000-ms intertrial interval (ITI). The task block consisted of 160 delayedrecognition trials (80 TMS on and 80 TMS off trials), with a total of 160 TMS pulses delivered during task performance. Subjects were offered a break after every 32 trials (approximately every 5-6 min). Prior to testing, subjects received verbal instructions and completed a block of 16 practice trials (without TMS), which was repeated until a criterion of 75% accuracy was reached (no more than 2 practice blocks were required for any subject).
In the second type of trial block (block order counterbalanced across subjects), TMS was applied at an average rate of 0.5 Hz during a period of passive fixation. Specifically, TMS was delivered in Fig. 1 . Behavioral task, timing of transcranial magnetic stimulation (TMS) stimulation, and targeted brain area. Subjects performed a delayed-recognition task requiring memory for the locations of 4 sequentially presented shapes across a 3.75-s delay interval. On half of trials, 2 TMS pulses were applied at an average frequency of 0.5 Hz during the delay. In a separate trial block (not shown), TMS pulses were applied at an average rate of 0.5 Hz while subjects maintained fixation on a centrally presented cue (as in the delay period of the STM task). In each case, TMS was applied to a portion of the left superior parietal lobule (SPL) anterior and medial to the intraparietal sulcus (IPS). ITI, intertrial interval. groups of four pulses while subjects maintained central fixation, with each pulse separated by 2,000 Ϯ 250 ms, after which subjects were instructed to "rest and blink" for 2,000 ms and the sequence was repeated. A total of 160 TMS pulses were delivered during the fixation block.
TMS Targeting and Stimulation
TMS was delivered with a Magstim Standard Rapid magnetic stimulator fit with a focal bipulse, figure of eight 70-mm stimulating coil (Magstim, Whitland, UK). TMS was applied to a portion of the left SPL (BA 7) dorsal and medial to the intraparietal sulcus and posterior to the postcentral sulcus (see Fig. 1 ). The SPL was identified on the basis of individual anatomy from whole-brain T1-weighted anatomical MRIs that were acquired with a GE MR750 3-T MRI scanner for each subject prior to the experiment (176 axial slices with a resolution of 1 mm). TMS targeting was achieved with a Navigated Brain Stimulation (NBS) system (Nextstim, Helsinki, Finland) that uses infrared-based frameless stereotaxy to map the position of the coil and the subject's head within the reference space of the individual's high-resolution MRI. The NBS estimates the electrical field induced by TMS on the cortical surface, taking into account the subject's head shape, the coil position, and scalp-to-cortex distance. TMS stimulation was delivered at an estimated intensity of 110 -140 V/m (65-90% of stimulator output). For each subject, the coil was oriented such that the handle pointed along the sagittal plane (downward), with some adjustments in exact positioning to minimize electrical artifacts at nearby electrodes. With this coil orientation, the direction of induced current was in the anterior-posterior direction perpendicular to the targeted gyrus for the majority of subjects. In several subjects (6 of 16), however, the coil was positioned at a bend in the gyrus, where the orientation of the main axis of the gyrus shifted from perpendicular to to parallel to the sagittal plane. In these cases, coil orientation remained approximately parallel to the sagittal plane (i.e., perpendicular to the left-right axis and parallel to the anteriorposterior axis of the targeted gyrus). Importantly, stimulator intensity and coil position and orientation for a given subject were held constant across the STM and fixation blocks. Finally, to avoid contamination of the EEG by auditory artifacts, the subject's perception of the clicks produced by the TMS coil's discharge was eliminated by playing masking noise through inserted earplugs throughout the testing session. The volume of the masking noise, which never exceeded 90 dB, was adjusted immediately prior to the experimental session for each subject until he/she could no longer hear the TMS discharge.
EEG Recording
EEG was recorded with a 60-channel TMS-compatible amplifier (Nexstim). This amplifier avoids saturation by the TMS pulse with a sample-and-hold circuit that holds amplifier output constant from 100 s before to 2 ms after stimulus (Virtanen et al. 1999) . To reduce additional residual TMS artifacts, the impedance at each electrode was kept below 3 k⍀. A single electrode placed on the forehead was used as the reference, and eye movements were recorded with two additional electrodes placed near the eyes. Data were acquired at a rate of 1,450 Hz with 16-bit resolution.
Data Preprocessing
Data were processed off-line with the EEGLab toolbox (version 6.01b; Delorme and Makeig 2004) running in MATLAB R2007b (MathWorks, Natick, MA). To begin, the data were downsampled to 500 Hz and band-pass filtered between 2 and 80 Hz. A notch filter with a stop band centered at 60 Hz was then applied to reduce line noise evident in the raw EEG. Next, large movement-related artifacts were identified and removed by visual inspection and individual electrodes exhibiting excessive noise were reinterpolated with spherical spline interpolation (Perrin et al. 1989) . Independent component analysis (ICA) was then used to identify and remove components reflecting residual muscle activity, eye movements, blink-related activity, and residual TMS-related artifacts (Jung et al. 2000) . In general, very few large TMS artifacts were evident in the raw data [mean electrodes exhibiting an artifact ϭ 2.03 (min ϭ 0; max ϭ 5)], and what artifacts were present were effectively removed with ICA with little distortion of the EEG waveform. Finally, the data were rereferenced to the average of all 60 electrodes.
Statistical Analysis
To explore how task-related changes in brain state influenced the brain's electrical response to TMS, we assessed differences in the amplitude and spectral power of the TMS-ER under different behavioral conditions (STM vs. passive fixation) with cluster-based permutation tests (Maris and Oostenveld 2007) as implemented in the FieldTrip toolbox for M/EEG analysis (freely available at http:// fieldtrip.fcdonders.nl/; Oostenveld et al. 2011 ). This nonparametric statistical procedure can evaluate conditional data in any combination of time, frequency, and space while controlling for multiple comparisons. The test identifies significant clusters by temporal, spectral, and spatial adjacency, and the quantification of clusters is determined through use of a standard t-or F-statistic. Any statistic can be used, as the validity and false alarm rate of the test is based on a Monte Carlo permutation test to determine significant clusters.
Time-domain analysis in sensor space. To assess the main effect of behavioral state on the amplitude and time course of the TMS-ER, we performed a cluster analysis comparing the TMS-ER in the STM and Fixation conditions. For this and all subsequent time-domain analyses, clusters were defined as two or more contiguous sensors in which the t-or F-statistic of amplitude values within individual 2-ms time bins, extending from 0 to 400 ms post-TMS, exceeded a threshold of P Ͻ 0.05 (P Ͻ 0.025 for 2-tailed t-tests). Sensors and time points exhibiting above-threshold differences were then used for the subsequent nonparametric cluster-based permutation analysis, which included 500 random sets of permutations. A significance value of 0.05 was used to threshold the cluster statistic for all analyses.
Frequency-domain analysis in sensor space. To assess the influence of behavioral state on spectral properties of the TMS-ER, the spectral transform of the data was calculated with the FieldTrip toolbox (Oostenveld et al. 2011) . To achieve sufficient frequency resolution, oscillatory power from 750 ms before to 1,250 ms after TMS onset for each condition was estimated with a method in which a frequency-dependent sliding time window was applied. The window length was 3 cycles/frequency of interest (2-50 Hz, in 1-Hz steps), applied in time steps of 50 ms throughout the entire 2,000-ms trial. The data from each 50-ms time window were then multiplied by a Hanning taper and Fourier transformed, and the power spectral densities were averaged over trials. Spectral estimates for each frequency were baseline corrected on a trial-by-trial basis by subtracting the mean spectral power from the 500-ms window preceding TMS onset for that subject. We used a 500-ms time window (rather than the full 750 ms) to avoid contamination of the baseline period by EEG components related to the processing of the final memory target. The spectral transform of the data was then submitted to the same clusterbased permutation analysis used for the time-domain EEG analysis described above. To explore possible longer-lasting effects on TMSevoked oscillations, frequency-domain analyses focused on the time window from 0 to 500 ms post-TMS, which was 100 ms longer than used for the time-domain analyses. We limited the time window to 500 ms to avoid contamination of time-frequency estimates by transients related to the onset of the memory probe, which could appear as early as 500 ms after the second TMS pulse.
To explore possible changes in the frequency tuning of the SPL under different behavioral conditions, we used the methods of Rosanova et al. (2009) for calculating a region's natural frequency. Spe-cifically, for each condition, the time-frequency matrices were averaged across all channels to obtain a global time-frequency representation. This allowed us to examine the global brain response to TMS as a function of brain state. The natural frequency of the brain's response in each condition was then determined by averaging the global time-frequency representation over the first 20 -200 ms post-TMS and finding the frequency with maximum power. We then conducted a paired t-test to determine whether the frequency of the observed spectral response differed between conditions (STM, Fixation).
Frequency-domain analysis in source space. To further explore the cortical origins of TMS-evoked responses in the STM and Fixation conditions, we conducted a parallel analysis in source space. The source solution would theoretically decrease conduction effects and provide a more accurate power distribution from the estimated neural sources of oscillation generators. Source modeling was performed with the methods described by Casali et al. (2010) , in which individual cortical meshes (3,004 or 5,124 vertices) 1 were created with the Statistical Parametric Mapping software package (SPM5 and SPM8, freely available at http://www.fil.ion.bpmf.ac.uk/spm). This involved warping the binary masks of the skull and scalp obtained from individual MRIs to the corresponding meshes of the Montreal Neurological Institute (MNI) atlas. Additionally, skull and scalp meshes were created and coregistered with EEG sensors by rigid rotations and translations of digitized landmarks (nasion, left and right tragus). Next, a three-spheres Berg method (Berg and Scherg 1994 ) was used to model conductive head volume and calculate the lead field matrix with the Brainstorm software package (freely available at http:// neuroimage.usc.edu/brainstorm). The inverse solution was then calculated on a trial-by-trial basis with an empirical Bayesian approach as implemented in SPM5 (Friston et al. 2002; Phillips et al. 2005; Tikhonov and Arsenin 1977) . For this analysis, the covariance matrix was assumed independent across EEG electrodes, and covariance components were modeled by two priors: the weighted minimum norm (WMN) constraint and a Gaussian distribution of source covariance along the geodesic (smoothness parameter ϭ 8 mm), which enforced correlation among neighboring sources. These priors were estimated directly from the data with restricted maximum likelihood (Friston et al. 2002 Mattout et al. 2006; Phillips et al. 2005) . Finally, to compute the overall current evoked by TMS in different cortical areas, individual cortical surfaces were attributed to different BAs with an automatic anatomical classification method that maps the individual cortical surface to the ROI (region of interest) masks provided by the WFUPickAtlas tool (freely available at http://ansir. wfubmc.edu; Maldjian et al. 2003) .
To analyze spectral properties of the TMS-ER in source space, we calculated the event-related spectral perturbation (ERSP) from 750 ms before to 1,250 ms after TMS onset for each condition. ERSPs were computed with a moving Hanning-windowed wavelet with 3 cycles for the lowest frequency (4 Hz) increasing linearly to 18 cycles for the highest frequency (50 Hz) analyzed. Responses were baseline corrected for each subject by subtracting the calculated mean ERSP from the 500-ms window preceding TMS onset for that subject.
Excitability and effective connectivity analysis in source space. Because of the causal nature of the TMS-ER, the pairing of TMS with EEG can also be used to measure effective connectivity. That is, whereas functional connectivity is inferred from patterns of covariation between anatomically distinct regions A and B, when TMS is delivered to A the TMS-ER at B gives a causal (rather than correlative) indication of the coupling between the two. To quantitatively evaluate behavioral state-related differences in cortical excitability and effective connectivity, the source-localized data were submitted to a standardized, data-driven procedure that characterizes the electrical response of the brain to TMS by means of three synthetic indices ): significant current density (SCD), phase locking (PL), and significant current scattering (SCS). SCD is expressed in units of microamperes per square millimeter and represents the sum of the absolute amplitude of all significant TMS-evoked currents observed over a given time interval and/or cortical region, which were identified with a nonparametric statistical procedure. PL reflects the ability of TMS to reset the phase of ongoing oscillations and can be computed as either a broadband (bPL) or a narrowband (nPL) index focusing on different components of the EEG spectrum. PL is dimensionless, ranges from 0 (random phases) to 1 (perfect PL), and is orthogonal to the amplitude of ongoing oscillations, emphasizing the temporal coherence of oscillations over time and space. Finally, SCS is calculated as the sum of the geodesic distances (in mm) between the stimulated brain region and any significant current source over a given time interval and cortical volume. Thus this index captures the spatial spread of TMS-evoked currents to distal brain regions, growing proportionally larger as significant TMS activations spread away from the targeted brain area. Taken together, these synthetic indices can be used to characterize different properties of the stimulated cortical area, from its local excitability to its connectivity with other brain regions, and how these properties may change under different conditions.
RESULTS
Behavioral Data
Performance of the STM task was largely unaffected by concurrent delay-period TMS, with mean accuracy (% correct) of 84.06 (SD ϭ 8.75) and 84.38 (SD ϭ 8.37) and mean reaction time (RT) of 735.90 (SD ϭ 121) and 722.66 (SD ϭ 128.09) ms in the TMS off and TMS on conditions, respectively. Confirming this, separate one-way repeated-measures ANOVAs with TMS(on, off) as a within-subjects factor revealed no significant effects of TMS on either accuracy or RT (all P Ͼ 0.09). Figure 2 , A and B, show the average TMS-ER recorded over two separate clusters of electrodes (see inset topographical plots) in the STM and Fixation conditions. As can be seen in each plot, the overall shape and amplitude of the waveform is remarkably similar across behavioral conditions, particularly in the first 75 ms post-TMS. After this time, the waveforms begin to diverge to some extent, with a larger negative deflection at midline electrode sites (Fig. 2B ) in the STM versus Fixation condition beginning around 70 ms post-TMS. Coincident with this, a strong positive deflection was observed in the STM condition over more lateral electrode sites ( Fig. 2A) in the same time window. The amplitude of the TMS-ER was also somewhat larger in the STM versus Fixation condition over central midline electrode sites beginning around 200 ms, shifting to more lateral and posterior electrodes from 260 to 280 ms (Fig.  2B ). In keeping with these observations, cluster analysis (Fig.  2C ) revealed a significant negative cluster (STM Ͻ Fixation) of central midline electrodes beginning ϳ60 -80 ms post-TMS and a significant positive cluster (STM Ͼ Fixation) of more peripheral electrodes (all P Ͻ 0.05) beginning ϳ100 ms post-TMS. Additionally, a second positive cluster was observed over central midline electrodes from 200 to 260 ms, shifting to more lateral and posterior electrodes from 260 to 300 ms post-TMS.
EEG Data Effect of behavioral state on amplitude of TMS-ER.
Taken together, these clusters appear to reflect an overall increase in amplitude of a lower-frequency component of the TMS-ER in the STM condition, beginning ϳ60 ms and extending to ϳ300 ms post-TMS. This outcome anticipates the results of the effective connectivity analyses, which are presented below in this section.
Effect of behavioral state on spectral properties of TMS-ER. Our first frequency-domain analysis focused on determining the natural frequency of TMS-evoked oscillations and whether this changed as a function of behavioral state. Using the methods of Rosanova et al. (2009) , in which a single frequency exhibiting maximum power during the first 200 ms after TMS is identified, we estimated the natural frequency of the SPL to be in the lower beta band with mean frequency of 16.75 Hz (SD ϭ 12.41 Hz) in the Fixation condition and 13.69 Hz (SD ϭ 10.34 Hz) in the STM condition, a difference that was not statistically reliable [t(11) ϭ 0.87, not significant]. However, as can be seen in the aggregate data depicted in Fig. 3 , in many cases the frequency spectrogram took on a bimodal distribution consisting of a short-duration, relatively highfrequency peak together with a longer-lasting, lower-frequency peak. The high-frequency component of the TMS-ER was centered at 19 Hz in both the STM and Fixation conditions. The second peak was slightly lower frequency in the STM versus Fixation condition (6 Hz vs. 8 Hz) and appeared to be higher amplitude and of longer duration.
To explore this more fully, our second analysis focused on the effects of behavioral state on the power of TMS-evoked oscillations. Recall that, for the corresponding analysis in the time domain, we found significant clusters beginning at ϳ60 ms and extending to 300 ms post-TMS (Fig. 2) . This seemed to reflect an overall larger-amplitude low-frequency component of the TMS-ER in the STM versus Fixation condition. Although, as noted above, there does appear to be a larger sustained low-frequency oscillation in the STM condition in the analysis of the spectrally transformed data throughout the post-TMS interval (see Fig. 3, top) , the only significant cluster found was in the beta and gamma bands from ϳ200 to 400 ms, for which broadband high-frequency power was greater in the STM condition (see red dashed boxes in both panels of Fig. 3) . Figure 4 shows the timefrequency decomposition of TMS-evoked oscillations at the local source level from four cortical areas of interest (BA 6, BA 7, BA 8, and BA 19) in the STM (Fig. 4A) and Fixation (Fig. 4B ) conditions after TMS of the SPL (BA 7). Figure 4C shows the mean TMS-evoked power from 4 to 50 Hz averaged across the first 200 ms after TMS for both behavioral conditions. As can be seen, TMS of BA 7 during the Fixation condition produced a dominant frequency of 9 Hz in BA 19, 24 Hz in BA 7, and 27 Hz in BA 6. Very similar values were observed in the STM condition (BA 19 ϭ 8 Hz, BA 7 ϭ 22 Hz, BA 6 ϭ 30 Hz).
Effect of behavioral state on natural frequency of TMS-ER at local and distal cortical sources.
Because the superior frontal cortex, including the territory of the frontal eye fields (FEF), has also been found to be engaged during the performance of spatial memory tasks (e.g., Courtney et al. 1998 ; Curtis and D'Esposito 2003; Postle et al. 2000) , we were also interested in whether TMS-evoked activity would be higher in this area when TMS was applied during the delay period of the STM task. In keeping with this possibility, a prominent, sustained low-frequency oscillation was observed in BA 8 in the STM condition (M ϭ 6 Hz; see Fig. 4 ), which was much larger than a similar sustained oscillation observed in the Fixation condition (M ϭ 5 Hz). A similar low-frequency oscillation is also evident in the time-frequency plot of TMSevoked activity in BA 6, where the posterior portion of the FEF is found in humans (Curtis and D'Esposito 2003) , which was particularly pronounced during task performance. This may reflect the source of the prominent low-frequency component of the TMS-ER observed from ϳ75 to 300 ms at the scalp level (see Fig. 2) .
Effect of behavioral state on strength and spatial spread of TMS-evoked currents. Our analysis of behavioral state-related differences in the TMS-ER at the scalp level suggested that the TMS-ER may be larger in amplitude, both locally and at distant cortical sites, when TMS is applied during the performance of a task. Thus, to explore possible task-related differences in cortical excitability and effective connectivity, we used the methods of Casali et al. (2010) to derive a set of synthetic measures for characterizing the brain's electrical response to TMS from the source-localized data. Figure 5 , A and B, shows results from the STM and Fixation conditions for each index, averaged over subjects. As can be seen, the overall strength of electrical currents induced by TMS (SCD), the overall spatial spread of TMS (SCS), and the ability of TMS to reset the phase of ongoing oscillations (bPL) were all greater when TMS was applied during the delay interval of the STM task. This was confirmed in a series of one-tailed t-tests comparing SCD, SCS, and bPL in the STM versus Fixation condition (all t Ͼ 2.18). Figure 5C shows the average spatial distribution of SCD, SCS, and bPL across subjects in each behavioral condition. As can be seen, TMS induced significant currents and reset the phase of broadband oscillations at the stimulated area (Fig. 5C ) and in bilateral parietal and frontal areas, as well as, to a lesser degree, in inferior parietal and occipital cortical areas. The spread of TMS-evoked currents to distal brain areas as well as the ability of TMS to reset the phase of ongoing oscillations were particularly pronounced in the STM condition. This suggests that task performance increases cortical excitability and may modulate patterns of effective connectivity between functionally connected brain areas (see, e.g., Morishima et al. 2009 ).
To facilitate the identification of distant cortical regions engaged by stimulation of the left SPL, and those regions exhibiting the most task-related differences, the histograms depicted in Fig. 5D represent the values of SCD and SCS for the STM and Fixation conditions cumulated over the post-TMS interval (0 -400 ms) for all cortical areas. In each plot, areas are sorted from left to right by the area showing the highest SCD/SCS values in the Fixation condition. As can be seen, induced currents were larger when TMS was applied during task performance in nearly all activated cortical areas, with particularly pronounced effects in bilateral BA 6 and BA 7. Lesser effects were also observed in several dorsal stream parietal and occipital areas that were not directly stimulated, including extrastriate areas BA 18 and BA 19 and inferior parietal areas BA 39 and BA 40.
This pattern of effective connectivity following stimulation of the SPL is generally consistent with cortico-cortical interactions mediated by the first subcomponent of the superior longitudinal fasciculus (SLF I). This fiber tract has been found to connect the medial and dorsal parietal cortex with dorsal BA 6, including the premotor and supplementary motor cortex, and prefrontal areas BA 9 and BA 46 (Schmahmann et al. 2007 ). Interestingly, the highest cumulative activation was not observed directly under the coil (BA 7), but in bilateral BA 6. Extracting the time course of the significant currents in each of these areas (Fig. 5E ) reveals that currents were the strongest in BA 7 ϳ5-10 ms after stimulation. This initial response was considerably stronger in the STM versus Fixation condition, tapering off fairly rapidly in each condition. By contrast, the initial evoked response in BA 6 occurs around 50 ms post-TMS (ϳ40 ms after the maximal response in BA 7) and is of comparable magnitude in each condition. The observed response latency is consistent with previous cortical stimulation studies showing that it takes ϳ20 -40 ms for TMS-evoked neural impulses to travel between connected cortical regions (see, e.g., Ilmoniemi et al. 1997; Massimini et al. 2005; Morishima et al. 2009 ). However, in contrast to BA 7, where TMS-evoked currents dissipated fairly quickly, the response in BA 6 remained elevated for several hundred milliseconds after stimulation. Additionally, although the initial TMS-evoked currents in BA 6 were of similar magnitude in the STM and Fixation conditions, the prolonged oscillation evident in this area was substantially larger during task performance. The differential time course of activation in these areas explains the stronger focus on BA 6 evident in the spatial distribution plots depicted in Fig. 5C and in the cumulative histograms shown in Fig. 5D .
DISCUSSION
Previous research has revealed several exogenous factors contributing to observed variance in the electrical currents induced by TMS, which may account for variance in some of the effects of TMS on behavior. However, the endogenous neural factors contributing to these effects remain unclear. In the present study, we explored the influence of behavioral state on temporal and spectral properties of the TMS-ER. Our procedure was to deliver single pulses of TMS to the SPL both during the performance of a STM task and while subjects maintained central fixation and to compare the resulting evoked response across conditions.
Results revealed increased amplitude and spatial spread of the TMS-ER during performance of the STM task relative to fixation. Specifically, when applied during the delay period of the spatial delayed-recognition task, TMS produced a larger evoked response from ϳ60 to 300 ms post-TMS. To more fully explore these effects, we computed several synthetic indices of cortical responsiveness to TMS ). These indices make it possible to characterize the effects of TMS on cortical activity and to quantitatively evaluate changes in the neural excitability and effective connectivity of different brain areas in different conditions. Results of this analysis revealed that task performance increased the overall strength of electrical currents induced by TMS, increased the spatial spread of TMS-evoked electrical activity to distal brain regions, and increased the ability of TMS to reset the phase of ongoing broadband cortical oscillations. Moreover, inspection of these results suggested that, in both behavioral conditions, the TMS-ER spread primarily to bilateral frontal and posterior regions connected to the SPL by known fiber tracts. However, the overall evoked response in each cortical area examined was larger when TMS was applied during task performance. These findings lay the groundwork for future work using this method to explore changes in patterns of effective connectivity during tasks requiring attention to or memory for different types of information.
In contrast to the behavioral state-related changes in the amplitude and spread of the TMS-ER, the natural frequency of the brain's response to TMS of the SPL did not change as a function of behavioral state-the estimated natural frequency was ϳ17 Hz in the Fixation condition versus ϳ14 Hz in the STM condition. Although these values were not significantly different from each other, they were somewhat lower than the natural frequency of 20 Hz observed after stimulation of the SPL (BA 7) in the study of Rosanova et al. (2009) . Natural frequency estimates were more variable overall in the present study, and, in several cases, the spectral power of the TMS-ER averaged over the first 200 ms after stimulation revealed two or more spectral peaks including, most commonly, a pronounced low-frequency peak together with a high-frequency peak. A similar multifrequency evoked response was observed by Thut et al. (2011) following the first pulse of a five-pulse TMS train applied to the parietal cortex. The presence of this lowerfrequency peak in the average global TMS-evoked spectral response likely contributed to the lower overall natural frequency values reported here.
Because TMS is known to evoke electrical activity at distant cortical sites (Ilmoniemi et al. 1997; Massimini et al. 2005) , in addition to the targeted area (Paus et al. 2001) , we also explored the effects of TMS on cortical areas that were not directly stimulated. As with the effective connectivity analysis, this analysis was conducted on source-localized data, which minimizes volume conduction effects, making it easier to observe the spread of electrical activity to distal cortical sites. In a previous study (Rosanova et al. 2009 ), direct stimulation with TMS produced alpha-band oscillations in the occipital cortex (BA 19, M ϭ 11 Hz), beta-band oscillations in the parietal cortex (BA 7, M ϭ 20 Hz), and high-beta/gamma-band oscillations in the frontal cortex (BA 6, M ϭ 31 Hz). Additionally, although the dominant frequency recorded globally at the scalp matched that of the stimulated area, each local cortical area tended to oscillate at a rate close to its own natural frequency even when not directly stimulated. Although only BA 7 was stimulated in the present study, the dominant frequencies of oscillations observed at each local cortical area (BA 19, BA 7, and BA 6) were quite similar to the values reported by Rosanova and colleagues (2009) , supporting the contention that the observed oscillations reflect local physiological mechanisms in each area. Interestingly, however, in two cortical areas (BA 6 and BA 7) we also observed a second, lower-frequency oscillatory peak in the theta (BA 6, 7 Hz) and alpha (BA 7, 10 Hz) bands (as reflected in Fig. 4 ). This pattern was particularly pronounced in the STM condition, raising the possibility that multiple oscillatory peaks in the parietal and frontal cortex may reflect synchronization of local cortical oscillations to parallel networks engaged in task performance (see also Thut et al. 2011) .
Direct stimulation of the SPL also produced a pronounced low-frequency oscillation in the superior frontal cortex (BA 8), which was not examined in the study of Rosanova et al. (2009) . This region of frontal cortex, including rostral BA 6, which contains the human homolog of the monkey FEF (Curtis and D'Esposito 2003), has been shown to be involved in the retention of spatial information in STM (e.g., Courtney et al. 1998; Curtis and D'Esposito 2003; Postle et al. 2000) . Thus this could reflect task-specific neural activity related to the performance of the STM task. An alternative possibility to this behavioral state-related effective connectivity account, however, is that the trial-to-trial unpredictability of the delivery of TMS in the STM condition may have produced a larger involuntary orienting response in this condition versus the Fixation condition. In tests of STM in which a 3-s-long train of 10-Hz repetitive TMS was delivered unpredictably during half of the delay periods of a block, for example, the TMS-ER to the first several pulses of the train induced a large-magnitude response at frontal midline electrodes that was not observed for the ensuing pulses of the train (Hamidi et al. 2009 ). Inspection of Fig. 5E argues against this alternative, however, in that it shows that the temporal profiles of the SCD at BA 6 and BA 7 seem to share all the same components, although the timevarying changes in magnitude vary differently at the two regions.
Limitations of Present Study
The present results suggest that performance of the STM task increased the excitability of the stimulated cortical area, as well as the spread of TMS-evoked currents to functionally connected areas; however, the TMS protocol used here only targeted a single cortical area with a fixed stimulation intensity. Conclusions regarding task-dependent changes in cortical excitability could be strengthened by varying the strength of stimulation and calculating the difference in stimulation intensity required to produce significant TMS-evoked currents. Additionally, it may be informative to stimulate cortical areas other than the SPL, such as task-relevant frontal areas (e.g., the FEF), which would allow exploration of task-dependent changes in the anterior-posterior spread of TMS-evoked oscillations. Stimulation of task-irrelevant areas may likewise support stronger conclusions regarding the functional relevance of the observed task-related differences.
Conclusions
The finding of reliable differences in several indices of the TMS-ER as a function of behavioral state (STM vs. fixation) is broadly consistent with previous findings that the TMS-ER differs in wakefulness versus sleep (Massimini et al. 2005 ) and in wakefulness versus anesthetization (Ferrarelli et al. 2010) . The manipulation of state is more subtle in the present study, however, and suggests that this approach may be promising for the study of task-related patterns of effective connectivity (see also Akaishi et al. 2010; Driver et al. 2009; Morishima et al. 2009 ), as well as for the study of neurological and psychiatric disease states.
